Abstract: Transmission electron microscopy (TEM) is a basic technique used to study the ultrastructures of phytoplankton. However, the use of chemical fixation to prepare phytoplankton samples for TEM is laborious and timeconsuming. Furthermore, chemical fixation often causes artificial structural changes (artifacts) in phytoplankton cells. In this study, we induced and optimized a rapid freezing and freeze substitution (RFS) method, accompanied by a filter dehydration system, to prepare TEM samples of marine microalgae, including Heterosigma akashiwo, Chattonella antiqua (Raphidophyceae), Heterocapsa circularisquama (Dinophyceae), Chaetoceros tenuissimus (Bacillariophyceae), and Teleaulax amphioxeia (Cryptophyceae). The whole procedure was much more efficient than the traditional method. In addition, the fine structure of each microalgal cell was well preserved. For example, the fine structures of the nuclear membrane, nuclear pores, and several vesicles were clearly observed, which were comparatively difficult to observe using the chemical fixation method. In addition, this new technique was applicable to the natural blooming cells of H. akashiwo, and high-resolution ultrastructural images were successfully observed. This is the first report on the application of the modified-RFS method for natural phytoplankton assemblages. This method can be used for diverse phytoplankters in natural waters, and the high-quality observations are expected to provide useful information toward understanding phytoplankter physiology and ecology.
Introduction
Since oceanic primary production is dominated by phytoplankton (Field et al. 1998 ), studies about their dynamics are remarkably important to expand our understanding of marine ecosystems. To date, knowledge about phytoplankton dynamics in nature has been assimilated on the basis of a number of field studies and laboratory experiments. As a result, various environmental factors (e.g., water temperature, salinity, light, nutrients, and water movement) have been shown to be fundamentally important in phytoplankton research (Parsons et al. 1984) . To further understand the ecology of phytoplankton, observation of natural phytoplankton assemblages using transmission electron microscopy (TEM) is one of the most informative methods, because this technique helps in the identification of nanoplankton at the species level (Sieburth et al. 1988) and allows the evaluation of cell health and predictions of natural fate (Proctor & Fuhrman 1991 , Nagasaki et al. 1994 . Several authors have emphasized the importance of TEM observations to study phytoplankton in nature; however, reports of TEM observations using field samples remain limited. This is partially due to methodological difficulties in sample preparation of phytoplankton for TEM.
In most cases, previous TEM studies of phytoplankton primarily used chemical fixation. For example, aldehydes (e.g., glutaraldehyde, formaldehyde) are often used to bridge and link distant pairs of protein molecules in the algal cells. However, this fixation method frequently damages selective membrane permeability, leading to the formation of artifact products and changes to the cell ultrastructure (Plattnerr & Zingsheim 1983) .
The rapid freezing and freeze substitution (RFS) method is known to preserve membrane structures well, with negligible ice segregation artifacts; thus, it is expected to be useful for resolving the problems observed when using traditional TEM (Hippe 1993) . In previous studies, RFS fixation has been successfully applied to a few micro algal spe-cies (Ueda & Chida 1987 , Hashimoto 1997 , Wang et al. 2000 ; however, there is a risk of incorrectly freezing the samples, which results in cells being strongly damaged by ice crystallization generated during the freezing process (Suga 1999) . Hence, rapid freezing and dehydration of cell pellets are necessary to suppress freezing damage caused by ice crystals (Akahori 1986 ). To use RFS fixation for field research, developing a method with easy handling and enough dehydration from cell pellets is necessary.
In this study, we tried RFS fixation to obtain clear TEM images of highly conserved natural phytoplankton cells from several cultured and natural phytoplankton species assemblages in coastal waters. Additionally, we performed an easy RFS method by referencing Nagasato et al. s (2002) report for seaweed species, and developed a new RFS method accompanied with a filter dehydration system. We confirm the effectiveness and impact of TEM observation with RFS fixation for the research field of microalgal ecology.
Materials and Methods

Algal cultures and growth conditions
Axenic clonal algal strains, Heterosigma akashiwo (Hada) Hada (Raphidophyceae) strain H93616, Chattonella antiqua (Hada) Ono (Raphidophyceae) strain CHA3KYG, Heterocapsa circularisquama Horiguchi (Dinophyceae) strain HU9433-P, Chaetoceros tenuissimus Meunier (Bacillariophyceae) strain 2-10, and Teleaulax amphioxeia (Conrad) Hill (Cryptophyceae) strain TA0704Hama05 were used for the electron microscopic observations. These cultures were grown in modified SWM3 medium enriched with 2 nM Na 2 SeO 3 (Chen et al. 1969 , Itoh & Imai 1987 under a 12/12-h light/dark cycle of ca. 110 to 150 μmol of photons m 2 sec 1 , using cool white fluorescent illumination at 15°C for C. tenuissimus strain, and 2-10°C and 20°C for the other species.
Rapid freezing and freeze substitution
Fixation was performed according to the procedure shown in Fig. 1 . The exponentially growing phase cells of H. akashiwo, H. circularisquama, C. tenuissimus, and T. amphioxeia were transformed into pellets by centrifugation at 850 g for 5 min at 20°C, while those of C. antiqua were transformed into pellets at 20 g for 5 min at 20°C. Cell pellets of H. circularisquama, C. tenuissimus, and T. amphioxeia were put on 0.2 μm pore-sized polycarbonate membrane filters (Whatman, Kent, UK), placed on filter paper (No. 2 ϕ 90, Advantec Toyo Ltd., Tokyo, Japan), and then the excess water in and around the cell pellets was removed by water absorption by filter papers. In the case of H. akashiwo and C. antiqua the pellets of which were viscous, 8.0 μm pore-size polycarbonate membrane filters were used. Then, the filter with cell pellets was quickly steeped into propane ( 180°C) liquefied with liquid nitrogen and kept for 5 sec. The frozen pellet samples were promptly transferred into cooled acetone containing 2% osmium tetroxide (OsO 4 ), and were stored at -85°C for 2 d. Then, the OsO 4 -fixed samples were kept at -20°C for 2 h, and 4°C for 2 h. Finally, the temperature of the fixative was gradually allowed to rise up to room temperature. Just as the cell pellets were removed from the polycarbonate membrane filters by tweezers, they were washed with acetone several times at room temperature, and infiltrated in graded Spurr s epoxy resin (Spurr 1969) . The dehydrated samples were embedded in the resin on aluminum foil dishes, and polymerized at 70°C for 12 h. Thin sections were cut on an ULTRACUT R microtome (Reichert, Wien, Austria) equipped with a diamond-knife, mounted on formvar-coated slot grids, stained with uranyl acetate and lead citrate, and observed with a JEM-1010 electron microscope (JEOL Ltd., Tokyo, Japan).
Chemical fixation
For comparison, chemical fixation was also performed for H. akashiwo. The procedure is shown in Fig. 1 . Briefly, the cell suspension was mixed 1 : 1 with the 2 fixation buffer (4% glutaraldehyde and 6% paraformaldehyde in 0.2 M cacodylate buffer (pH 7.2) containing 2% NaCl), and kept at 4°C for 2 h. Then, cells were collected by centrifugation at 850 g for 5 min at 20°C, embedded in 1% agarose Type IX (SIGMA, Aldrich, St. Louis, MO, USA) in 0.1 M cacodylate buffer (pH 7.2) containing 2% NaCl, and washed with 0.1 M cacodylate buffer. Washed samples were post-fixed with 2% OsO 4 in 0.1 M cacodylate buffer.
After washing with buffer, they were dehydrated in a graded acetone series, embedded in Spurr s epoxy resin on aluminum foil dishes, and polymerized at 70°C for 12 h. Thin-sectioning and TEM observation were conducted according to the methods mentioned above.
Field survey and sampling of Heterosigma akashiwo
To test the direct-freeze substitution method on natural cells of the bloom-forming microalga H. akashiwo, surface seawater samples were collected from Hiroshima Bay, Japan. To speculate on the condition of the bloom, sampling was conducted on 10, 13, 14, and 15 June 2011. Heterosigma akashiwo cell abundance was immediately enumerated by direct counting with an optical microscope (TE300, Nikon, Tokyo, Japan). Surface water temperature and salinity were measured using a Handheld Conductivity Instrument EC300 (YSI Inc., Yellow Springs, OH, USA). 
Results and Discussion
Chemical fixation and rapid freeze substitution of Heterosigma akashiwo A whole cell of Heterosigma akashiwo ( Fig. 2A) was observed after chemical fixation under the electron microscope (Fig. 2B) , and the arrangement of major organelles (nucleus, chloroplasts and mitochondria) in the cell was shown to be well preserved; however, fine structures (e.g., nuclear membrane pores) were unclear (Fig. 2C) . In addition, although the external form of the chloroplast was preserved, the thylakoid membranes were almost completely disrupted, and the pyrenoids were indistinguishable (Fig.  2D) . Similar artificial damage was also observed in mitochondria and mitochondrial cristae (Fig. 2D, arrowhead) . Discrimination of the mitochondrial from other multimembrane structures was difficult. Hara & Chihara (1987) reported similar results for the ultrastructural studies of H. akashiwo. Hence, it should be noted that morphological damage might be easily caused by chemical fixation (Plattnerr & Zingsheim 1983) .
In contrast, H. akashiwo cells fixed by the RFS-method accompanied with the filter dehydration system produced high-resolution TEM images. Overall, the cell size and arrangement of principal organelles were well conserved, with vesicles beneath the plasma membrane, Golgi body, and some other membranous structures being clearly observed (Fig. 3A, B) . Focusing on smaller structures, the nuclear membrane pores, which were unclear in the chemically fixated cell image, were readily observable using this method (Fig. 3C) . Thylakoid membranes in the chloroplast and cristae in the mitochondria were also conserved (Fig.  3B, D) . Pyrenoids were readily distinguishable from the intrachloroplast membranous structures, and were located on the inner side of the cell (Fig. 3B) . Further, Golgi bodies with many cisternae and vesicles were clearly observable around the nucleus. The difference in electron density of membranous structures between the cis-Golgi region and the trans-Golgi region was apparent. This may reflect the modification of proteins in the Golgi bodies (Fig. 4A ). Near the trans-Golgi network, many Golgi vesicles harboring fibrous or electron dense materials were observed (Fig. 4 , arrows and arrowheads). These materials were probably transporting proteins to the cell surface ( Fig. 4B ) to extract them through the plasma membrane by exocytosis (Fig. 4C) . 
Fig. 4. Transmission electron micrographs of RFS-fixed cells of Heterosigma akashiwo. (A) Higher magnification of Golgi bodies, Golgi vesicles with fibrous (arrowheads) and electron dense materials (arrows). (B) Higher magnification of Golgi vesicles with fibrous (arrowheads) and electron dense materials (arrows). (C) Higher magnification of Golgi vesicle releasing fibrous material (arrowheads)
. g: Golgi body. These membranous structures and the behavior of these vesicles were not readily observable in chemically-fixated H. akashiwo cells (Fig. 2) . Based on these results, the RFSmethod was shown to be much more suitable for fixation of H. akashiwo cells than the chemical fixation method, and was remarkably useful for observing intracellular structures in fine detail.
Utility of the RFS-method for other microalgae
By using the RFS-method with the filter dehydration system, the whole cell shape and each organelle of Chattonella antiqua (Fig. 5A) , Heterocapsa circularisquama (Fig. 6A) , Teleaulax amphioxeia (Fig. 6B) , and Chaetoceros tenuissimus (Fig. 6C) were clearly observable (Figs. 5B, 6D , G, J, respectively). The inner structures of large organelles, the nucleus, chloroplast, and mitochondria, and the Golgi bodies were also preserved well, which enabled visualization of previously reported species-specific features of each alga (Hara & Chihara 1982 , Horiguchi 1995 , Eugenia et al. 2002 , Hill 1992 . Thus, the method developed here provided high resolution views of intracellular fine membranous structures, such as the Golgi bodies and vacuoles (Fig. 5B, D) , which are difficult to observe when using the chemical fixation methods (Hara & Chihara 1982) . Obtaining intact cellular images of the larger microalga C. anitiqua (long axis, 50-130 μm; short axis, 25-35 μm) was reported to be difficult even using the RFS method (Akahori 1986 ); however, the problem was resolved by combining this method with the filter dehydration system (Fig. 5B) . As far as the authors know, this is the first report successfully applying the RFS method to both dinoflagellates and cryptophytes. Therefore, the RFS method is a promising tool for obtaining high-resolution TEM images of various microalgae in aquatic environments.
Morphological analysis in field samples
The abundance of H. akashiwo gradually increased from 10 June 2011, exceeded 10 4 mL 1 on 13 June, peaked from 15 to 19 June at 1.14 10 5 cells mL 1 , and then showed a sudden decrease (Fig. 7A) . Since H. akashiwo cells were sampled for the RFS fixation on 14 June, the cells were considered to be in a vigorously growing phase. During the phase of increasing H. akashiwo cell abundance (i.e., from 10 to 15 June), water temperature and salinity ranged from 19.8-21.0°C and 24.0-29.0 at the surface layer, respectively (Fig. 7B, C) . Considering that the optimum temperature and salinity for the growth of H. akashiwo is 15-25°C and 10-40 (Tomas 1978 , Honjo 1993 , respectively, the environmental factors were suitable for growth during both the peak and decline (Fig. 7B, C) .
The RFS fixation of H. akashiwo cells sampled from natural environments was deemed successful, because both whole-cell images and ultrastructures of the organelles were clearly observable (Fig. 8A-C) . In the natural cells of H. akashiwo, a number of developed vacuoles were observed beneath the cell surface (Fig. 8A) . Their existence was the most notable difference in intracellular structure between natural and cultured H. akashiwo cells. Generally, vacuoles function to control osmotic adjustment in plant cells (Marty 1999) . Shikata et al. (2008) reported that H. akashiwo blooms are frequently triggered by a drastic decrease in salinity due to heavy rain, particularly in early summer. This relationship implies that H. akashiwo should be equipped with some tolerance for sudden osmotic fluctuations. Furthermore, in the present survey, the blooming of H. akashiwo was observed after salinity decreasing (Fig. 7A, C) . Hence, the vacuoles beneath the cell surface may account for this species tolerance and/or adaptation to salinity change. Therefore, the use of the RSF method for the ultrastructural observation of natural phytoplankton cells is expected to be a viable means for inferring the physiological conditions of this group, as well as for predicting population dynamics from the perspective of cell biology.
Implications
To date, it has been considered relatively difficult to obtain high-resolution ultrastructural images of natural phytoplankton cells. The present study exhibited the useful- ness of the RFS method accompanied with the filter dehydration system for TEM observation of various cultured and natural phytoplankton species. In addition, the procedure does not require any special or expensive reagents or equipment; thus, it is a practical and low cost technique. To improve our understanding of the ecology of phytoplankton and other microorganisms in natural waters, TEM analysis using the RFS method developed in this study might provide valuable and novel information.
